Introduction {#Sec1}
============

The radiation-induced lung injury is thought to occur through the ionizing radiation producing reactive oxygen species which induce lesions in DNA leading to damage of the alveolar epithelium \[[@CR1]\] and capillary endothelium \[[@CR2]\]. The inflammatory reaction to cell damage, including lymphocyte \[[@CR3]\] and neutrophil \[[@CR4]\] recruitment, if excessive or sustained, likely through epithelial \[[@CR5]\] and leukocyte cell \[[@CR3]\] derived cytokine signalling, can lead to the overwhelming inflammatory response of alveolitis/pneumonitis. The tissue response to injury can also be resolved as fibrosis, which is characterized by the progressive accumulation of extracellular matrix constituents replacing normal functional parenchyma \[[@CR6]\] and may feature bone marrow cell recruitment \[[@CR7],[@CR8]\].

Assays of radiation-induced clinical injury, such that susceptible persons environmentally or therapeutically exposed can be predicted before the onset of symptoms, have been sought. Initial radiation response assays such as chromosomal aberrations, DNA damage and cell survival in cultured fibroblasts or lymphocytes offered conflicting results between *in vitro* cellular radiosensitivity and *in vivo* normal tissue response \[[@CR9]-[@CR12]\] suggesting that intrinsic radiosensitivity at the cellular level is not the only determinant for radiotherapy side-effects. Part of the tissue injury response to the primary radiation damage is a continuum of cytokine-based, multicellular interactions \[[@CR13]\]. This has prompted the study of early circulatory markers as predictive assays and has revealed associations of serum interleukins (Il6, Il1a, Il8, Il10) with pneumonitis \[[@CR14]-[@CR17]\]. None of these markers, however, robustly correlates with late tissue injury supporting the notion that the late stage response is dictated by a complex cytokine cascade which develops following the initial injury \[[@CR18],[@CR19]\].

The differential radiation response of inbred strains of mice has been used as a model of radiation induced lung injury \[[@CR20]-[@CR22]\]. For example, our studies indicated that following a dose of 18 Gy to the lung, mice of a panel of evaluated inbred strains (n = 27 strains) developed significant pneumonitis, but differed in the time post irradiation at which respiratory distress from this condition developed \[[@CR22]\]. Mice of the KK/HIJ, C3H/HeJ and AKR/J strains presented distress at 10--14 weeks after radiation treatment while this trait was evident in C57BL/6J, 129S1/SvImJ and A/J mice at 21--23 weeks after 18 Gy. The inbred strains also differed in extent of pulmonary fibrosis evident at distress \[[@CR22],[@CR23]\], or their fibrosis score. Specifically, KK/HIJ, C57BL/6J, 129S1/SvImJ mice all had significant pulmonary fibrosis, with pneumonitis, when in distress and mice of the C3H/HeJ, A/J and AKR/J strains succumbed with pneumonitis and no fibrosis.

In addition to histological features of disease, mice respond to thoracic radiation with a lymphocytic infiltrate \[[@CR24]-[@CR26]\] which is consistent with clinical findings \[[@CR3],[@CR27]\]. Perhaps more relevant than the presence of lymphocytes in the irradiated lung is their profile and repertoire of secreted mediators. Indeed, T helper (Th) cells in particular drive the inflammatory and fibrotic responses following injury through their production of cytokines. Specifically, the pro-inflammatory Th1 cells (CD4 + Ifnγ+) oppose the pro-fibrotic Th2 lymphocytes (CD4 + IL13+) \[[@CR28]\], whereas Th17 cells (CD4 + IL17+) have emerged as potent inducers of inflammation and auto-immunity \[[@CR29]\]. The Thelper response to thoracic irradiation of different lines of mice has not been reported, but mouse strains have been shown to differ in their cytokine response post radiation \[[@CR24],[@CR30]\] and in gene expression profiles suggestive of differing adaptive immune responses \[[@CR31]\]. Finally, significant heterogeneity in the pulmonary lymphocyte populations of inbred stains of mice has been reported \[[@CR32]\]. These differences permit the identification of potentially novel biomarkers, which vary in induction by radiation exposure and are correlated to extent of lung disease, to be investigated in animal models.

Herein we aimed to determine whether the initial radiation response, assayed by pulmonary T helper and lavage cell counts and cytokine levels, is predictive of the lung injury responses of time to develop respiratory distress (pneumonitis) or of fibrosis in irradiated mice.

Methods {#Sec2}
=======

Mice {#Sec3}
----

Female mice of six inbred strains (AKR/J, C3H/HeJ, A/J, C57BL/6J, 129S1/SvImJ, KK/HlJ) were purchased from the Jackson Laboratory (Bar Harbor, USA) and housed in the animal facility of the Meakins-Christie Laboratories. All mice were handled according to guidelines and regulations of the Canadian Council on Animal Care. Late stage radiation-induced phenotype values of pulmonary fibrosis score and time to respiratory distress, for these six strains, were taken from a previous report \[[@CR22]\]. In that work mice received 18 Gy whole thorax irradiation and were euthanized upon presentation of respiratory distress which was defined as a loss of body weight exceeding 20%, accompanied by hunched posture, ruffled fur and visibly accelerated breathing. All mice euthanized due to presentation of distress symptoms had developed significant pneumonitis upon histological evaluation of lung tissue. The percent of the histological section covered with a fibrotic lesion was computed with imaging analysis as the fibrosis score of a mouse. The fibrosis scores used here are the average scores of mice from the same strain.

Radiation exposure {#Sec4}
------------------

Eight week old female mice were anesthetised with an intraperitoneal injection of sodium pentobarbital (30 mg/kg), partially shielded with 3 cm of lead and received whole thorax radiation exposure (18 Gy; dose rate 0.54 Gy/minute) using a Faxitron X ray machine. After irradiation, the animals were housed under normal laboratory conditions, and groups of 10 mice per strain were euthanized at 6 h, 1d or 7d after irradiation. 10 untreated mice of each strain served as controls. The control mice of each strain were not anaesthetized or irradiated and were euthanized at the 7 day time point. The mice were divided into 2 groups: one group was assayed by flow cytometry and the second was designated for bronchoalveolar lavage and serum collection.

Serum collection {#Sec5}
----------------

At necropsy, cardiac puncture was performed and \>500 μl of blood was obtained. The blood was allowed to clot at room temperature for 1 h and centrifuged at 1500 g for 10 minutes. The serum was collected and stored at −80 degrees C until analysis.

Bronchoalveolar lavage fluid collection {#Sec6}
---------------------------------------

At the time of sacrifice BAL was collected with an injection of 1 ml PBS. The BAL volume recovered from each animal was recorded and the number of cells in this volume was determined using a hemocytometer. After centrifugation of the sample, the supernatant was stored and the pellet was resuspended in 100 μl of PBS and used for cell counting after staining with hematoxylin-eosin (Hema 3 Staining System, Fisher Diagnostics). Numbers of lymphocytes, macrophages and polymorphonuclear cells were morphologically identified from 500 counted cells per lavage sample and the total number of each cell type calculated from the percentage within the 500 cells and the number of cells/ml recovered from each animal.

Cytokine measurement {#Sec7}
--------------------

Cytokines (Il6, Il4, Il1β, Il10, Il13, Il17, Ifnγ and Tnfα) were evaluated with a Bio-Rad mouse cytokine 8-plex panel run according to the manufacturer\'s instructions.

Lymphocyte profiling {#Sec8}
--------------------

Total lung tissue was digested (37 degree C, 45 minutes) with 5 mg/ml DNase/collagenase (Roche Diagnostics) and a single cell suspension was obtained by mechanical dissociation of the tissue. The cells were counted using a trypan blue exclusion assay and 10^6^ total lung cells from each mouse were used for the flow cytometry assay. Total lung cells were stained with the surface antibody CD4 APC (eBioscience). Prior to intracellular staining the cells were stimulated with 50 ng/ml PMA (Sigma-Aldrich), 1 μg/ml Ionomycin (Sigma-Aldrich) and 1 μl/ml Golgi Stop (BD Biosciences). After permeabilization with Cytofix/Cytoperm (BD Biosciences), staining with intracellular antibodies (eBioscience) against Ifnγ, Il13 and Il17 was performed. Cell acquisition was completed using LSRII cytometer.

Statistical analysis {#Sec9}
--------------------

The results are presented as mean ± SE of cell counts or cytokine measures of each strain at each time point. The statistical significance of the variability among the means, i.e. strain dependence of the phenotype, was determined by one way ANOVA. Correction for multiple testing was performed using the Bonferonni method by dividing the α = 0.05 significance threshold by the number of tests performed (i.e. 3 in the case of lung CD4+ lymphocyte analysis and bronchoalveolar lavage cell differentials, and 8 in the analysis of serum and lavage cytokines). The correlation tests were performed using the cor.test function in R (<http://cran.r-project.org>). Multiple linear regression was performed using the lm function in R and the phenotypes of percent fibrosis and of post irradiation survival time were evaluated as a function of each of BAL cell differentials, specific BAL and serum cytokines, and CD4 cell counts. These analyses were completed for each of the 4 time points, using the data from individual mice, i.e. not the average values for the 6 strains. Through multiple linear regression analyses we evaluated whether statistical models which included defined sets of cytokine or cell count variables, and terms permitting an interaction between variables to be assessed, were predictive of the lung responses of pulmonary fibrosis or respiratory distress. In this analysis the phenotype values (fibrosis score or post irradiation survival time) were evaluated as a function of the predictor variables (cytokines or cell counts) and their interaction using the following equation: phenotype = β0 + β1\*variable1 + β2\* variable2 + β3\*interaction. The maximum likelihood estimators, βi, were calculated and given the null hypothesis of βi = 0, the predictor variable i (or the interaction term) was identified as a significant predictor of the phenotype values where βi was significantly different from 0.

Results {#Sec10}
=======

Acute Pulmonary CD4+ lymphocyte response to thoracic irradiation {#Sec11}
----------------------------------------------------------------

Thoracic irradiation can induce a tissue injury response which includes increases in lymphocytes. To investigate whether numbers of distinct Thelper lymphocyte populations, assayed during the acute response to irradiation, could predict for the onset of respiratory distress or for the development of radiation-induced pulmonary fibrosis, we measured the CD4+ lymphocyte numbers in the lungs of strains of mice we had previously determined to vary significantly in the development of these traits \[[@CR22],[@CR23],[@CR25],[@CR31],[@CR33]-[@CR36]\]. Mice were irradiated with 18 Gy to the thorax, euthanized at 6 hours, 1 day or 7 days post irradiation and lymphocyte populations of the lung assessed with fluorescence activated cell sorting (Figure [1](#Fig1){ref-type="fig"}; gating strategy is provided in Additional file [1](#MOESM1){ref-type="media"}: Figure S1). The effect of radiation exposure on the numbers of CD4 + Il13+, CD4 + Ifnγ + and CD4 + Il17+ cells in the lungs was varied, as illustrated in Additional file [2](#MOESM2){ref-type="media"}: Figure S2, and no pattern of acute response common to fibrosis prone mice or fibrosis resistant mice, was evident. Inbred strain background, however significantly affected the numbers of CD4 + Il13+, CD4 + Ifnγ + and CD4 + Il17+ cells at each of the timepoints evaluated (p ≤ 0.01), as illustrated in Figure [1](#Fig1){ref-type="fig"}A, with the exceptions of CD4 + Il17+ cells at control (p = 0.07) and CD4 + Ifnγ + cells at 6 h (p = 0.33).Figure 1**Strain dependent pulmonary T helper cell populations in acute radiation response.** Mice were exposed to 18 Gy of thorax irradiation and euthanized at 6 hours, 1 day and 7 days post treatment. **A)** Th1 (CD4 + Ifnγ+), Th2 (CD4 + Il13+) and Th17 (CD4 + Il17+) cell counts were measured by flow cytometry. Mean ± SE of T helper cells among 10^6^ total lung cells, for groups of 4--5 mice. Significant variation in inbred strain measures by ANOVA indicated. **B)** Linear regression of the pulmonary fibrosis score against the numbers of CD4 + Ifnγ + and CD4 + Il17+ cells recorded at the day 7 time point. A significant interaction (p = 0.04) between the CD4 + Il17+ and CD4 + Ifnγ + cell counts is indicated by the intersecting regression lines of the fibrosis score against each individual variable.

To determine whether the acute response CD4+ cell profile predicted for late stage lung disease, we analyzed the correlation of T helper cell numbers with the fibrosis score and post-irradiation survival time (hereafter survival time) previously documented for these strains of mice. Suggestive correlations between the numbers of CD4 + Il13+ cells at 6 h with fibrosis (R = −0.71, p = 0.1, an inverse correlation), and the numbers of CD4 + Ifnγ + cells at 7 days with survival time (R = 0.75, p = 0.08), were revealed, as shown in Additional file [3](#MOESM3){ref-type="media"}: Figure S3. The remaining potential correlations of lymphocyte number to fibrosis or survival time were not significant (p \> 0.21).

Secondly, to investigate whether the pulmonary profile of CD4 + Il13+, CD4 + Ifnγ + and CD4 + Il17+ cell numbers at any of the assay times was, collectively, predictive of later lung disease we performed multiple linear regression analyses on these data. This analysis revealed the numbers of CD4 + Ifnγ + cells (p = 0.02), CD4 + Il17+ cells (p = 0.013), at the 7 day time point, and a model including an interaction between these two variables (p = 0.04) to significantly correlate with fibrosis score (R = 0.67; p = 0.003), as illustrated in Figure [1](#Fig1){ref-type="fig"}B. The model including an interaction of CD4 + Ifnγ + and CD4 + Il17+ cells was revealed to better explain the fibrosis score than models of CD4 + Il17+ or CD4 + Ifnγ + cell numbers alone: (p = 0.04 and p = 0.001 respectively, by ANOVA). The addition of CD4 + Il13+ cell counts to this model did not improve the correlation to fibrosis score (p = 0.27) and cell counts at the remaining time points were not significantly correlated to the fibrosis phenotype, (p \> 0.18). Finally, no significant correlations of collective pulmonary CD4+ cell counts to survival time were revealed by multiple linear regression analyses (p \> 0.32).

Acute Bronchoalveolar lavage cellular response to thoracic irradiation {#Sec12}
----------------------------------------------------------------------

To investigate whether radiation exposure induced a strain dependent bronchoalveolar lavage cell count or profile, mice of 6 inbred strains were irradiated and lavage tissue procured at each of three times post treatment. Radiation exposure led to a difference among strains in total cell counts at 6 h and 7 days post-irradiation (ANOVA p \< 0.002), as shown in Additional file [4](#MOESM4){ref-type="media"}: Figure S4A. To measure the association with late stage disease, we performed correlation tests which revealed a suggestively significant correlation of the total cell counts at 6 h post irradiation with fibrosis score (R = 0.77, p = 0.07, Additional file [4](#MOESM4){ref-type="media"}: Figure S4B), while the counts at 7 days were not correlated with either of fibrosis or survival time (p \> 0.22, data not shown).

In terms of bronchoalveolar lavage cell differential, we observed a significant strain-dependence in numbers of each of the lymphocyte, macrophage and neutrophil (PMN) cell types at 7 days post irradiation (p \< 0.001), as shown in Figure [2](#Fig2){ref-type="fig"}. In addition, numbers of PMNs and macrophages also varied at the 6 h time point (p \< 0.013) as shown in Figure [2](#Fig2){ref-type="fig"}. Control cell numbers and those at 1 day post radiation did not significantly differ among strains (p \> 0.02). Radiation produced only minimal changes in bronchoalveolar cell number, when assayed up to 7 days post exposure, as illustrated in Additional file [5](#MOESM5){ref-type="media"}: Figure S5. One exception to this was the significantly altered cell numbers in lavage procured from AKR/J mice.Figure 2**Strain dependent bronchoalveolar lavage cell differentials in acute radiation response.** Bronchoalveolar lavage fluid was evaluated in control and irradiated mice 6 hours, 1 day and 7 days post-irradiation. Shown are the numbers of each cell type per ml of bronchoalveolar lavage fluid. Results are presented as mean ± SE for groups of n = 4--5 mice. Significant variation in inbred strain measures by ANOVA indicated.

Analyses of these lavage cell data as predictive of lung disease, both singly and through multiple regression, revealed no significant correlations with either of the fibrosis score or the survival time (p \> 0.09).

Acute Bronchoalveolar lavage cytokine response to thoracic irradiation {#Sec13}
----------------------------------------------------------------------

To investigate whether irradiation induced a strain dependent pulmonary cytokine response, the levels of eight cytokines were profiled in bronchoalveolar lavage procured from each mouse at early time points post irradiation. Our selection includes cytokines previously associated with the lung response to radiation in both mice and humans such as Il6 and Tnfα \[[@CR15],[@CR16],[@CR37],[@CR38]\]) as well as pulmonary fibrosis-promoting Il1β, Il13 and Il17 \[[@CR39],[@CR40]\]) and anti-fibrotic mediators Il10 and Ifnγ \[[@CR41]\]. Radiation exposure produced minimal changes in the cytokine profiles of these strains when assessed at acute time points (Additional file [6](#MOESM6){ref-type="media"}: Figure S6). Inbred strain background, however, significantly affected the cytokine level as shown in Figure [3](#Fig3){ref-type="fig"}A.Figure 3**Strain dependent bronchoalveolar lavage cytokine levels in acute radiation response.** Bronchoalveolar lavage fluid was obtained from control and irradiated mice at 6 hours, 1 day and 7 days post-irradiation. **A)** Bronchoalveolar lavage cytokine concentrations measured using the Multiplex assay. Results are presented as mean ± SE for groups of n = 4-5 mice. Significant variation in inbred strain measures by ANOVA indicated. **B)** Pearson correlation coefficients of late lung disease phenotypes with bronchoalveolar lavage cytokine levels (correlation coefficients between the fibrosis score as percent pulmonary fibrosis and the cytokine concentrations were R = −0.77, −0.80 and p-values 0.07, 0.05 respectively) **C)** Linear regression of the pulmonary fibrosis score against the lavage levels of Il17 and Ifnγ recorded at the day 7 time point. A significant interaction (p = 0.008) between the Il17 and Ifnγ measures is indicated by the intersecting regression lines of the fibrosis score against level of each cytokine.

To evaluate whether cytokine levels predicted for the impending lung disease in the 6 inbred strains, we performed a correlation analysis with each of fibrosis score and survival time. As shown in Figure [3](#Fig3){ref-type="fig"}B Il1β and Il10, measured at the 7 day timepoint, were inversely correlated with fibrosis score (R = −0.77, p = 0.07; R = −0.80, p = 0.05), with marginal significance. Unlike the suggestive correlation to extent of pulmonary fibrosis, cytokine levels in the lavage were not significantly correlated with the trait of post irradiation survival time (p \> 0.18, data not shown).

To investigate whether particular cytokine levels in the BAL, collectively, predicted for pulmonary fibrosis, we performed a multiple regression analysis. The combinations of Il17 and Ifnγ; Il17, Ifnγ and Il13; Tnfα, Il1β and Il6; Il6 and Il10; and Il6, Il10 and Il17 were tested. At the 7 day time point, the levels of Il17 and Ifnγ and their interaction explained a significant proportion of the variability (p = 0.001, 0.008 and 0.008 for Ifnγ, Il17 and the interaction term respectively), in fibrosis score, as shown in Figure [3](#Fig3){ref-type="fig"}C. The interaction model better explained the fibrosis score than the models of Il17 or Ifnγ levels alone: p = 0.005 and p = 0.01 respectively, by ANOVA). The addition of Il13 measures did not improve the model (p = 0.38). The lavage cytokine levels are inversely correlated with pulmonary fibrosis, as depicted in Figure [3](#Fig3){ref-type="fig"}C. No significant correlation was evident through multiple regression analysis between the remaining combinations of lavage cytokine levels and survival time (p \> 0.1, data not shown).

Acute Serum cytokine response to thoracic irradiation {#Sec14}
-----------------------------------------------------

To determine whether the propensity to develop a lung disease phenotype was evident early on in a more clinically accessible tissue, serum cytokine levels were measured and are shown in Figure [4](#Fig4){ref-type="fig"}A. Serum cytokine levels of IL6, Il10 and Il13 were found to depend on strain at all assay times while a significant strain effect in Il1β, Ifnγ and Tnfα was observed for all time points with the exception of control. Radiation treatment also affected serum cytokine levels as presented in Additional file [7](#MOESM7){ref-type="media"}: Figure S7, with Il6, Il17 and Tnfα levels affected by radiation in 4 of six strains.Figure 4**Strain dependent serum cytokine levels in acute radiation response.** Serum was collected from mice at 6 hours, 1 day and 7 days post-irradiation. **A)** Cytokine concentrations measured using the Multiplex assay. Results are presented as mean ± SE for groups of n = 4-5 mice. Significant variation in inbred strain measures by ANOVA indicated. **B)** Pearson correlation of late disease phenotypes with serum cytokine levels (R = 0.76, p = 0.07 between percent fibrosis and Il10 concentration at 6 hours; R = 0.81, p = 0.04 between survival time and control Il17 concentration).

Presented in Figure [4](#Fig4){ref-type="fig"}B are the results of analyses to evaluate whether serum cytokine levels were correlated with later lung disease in these strains. As shown, the Il17 level in the serum of control mice was significantly correlated with survival time (R = 0.81, p = 0.04), and Il10 measures at 6 h (R = 0.76, p = 0.07) were suggestively correlated with fibrosis score.

By multiple linear regression analyses no significant correlations between combinations of serum cytokine levels, as described for lavage, and the phenotypes of fibrosis or survival time (p \> 0.11, data not shown) were revealed.

Discussion {#Sec15}
==========

When a combined regimen of radiotherapy and chemotherapy is used, the incidence of radiation pneumonitis can reach 40-60% \[[@CR42],[@CR43]\], meaning that the implementation of more aggressive therapies for thoracic malignancies is hindered by a high risk of pulmonary side effects in the treated population. Moreover, patients prone to develop pulmonary fibrosis, an incurable condition arising following radiotherapy, at present cannot be identified prior to therapy \[[@CR44]\]. Therefore the identification of cellular and molecular markers to predict a patient's propensity to pulmonary adverse effects is paramount to more efficient cancer therapies.

Our approach builds on previous studies aimed at evaluating early tissue cytokine levels as markers predictive of late radiation side effects. Specifically, in this study we characterised the primary radiation injury response of the lung following thoracic irradiation in six inbred mouse strains in terms of infiltrating Thelper lymphocyte populations, bronchoalveolar lavage cell differentials, as well as serum and lavage cytokine measurements, and investigated whether any of these initial immune response markers predicted for the late disease phenotypes in the lung.

Our definition of the initial injury response as that occurring at 6 h, 1 day and 7 days post radiation administration is similar to that used in previous reports \[[@CR45]-[@CR47]\]. In addition, changes in the levels of specific cytokines after radiation agree with data from prior reports. For example, the decreased amounts of Il1β at 1 day post treatment in lavage from C3H/HeJ and C57Bl/6 mice and the lack of a radiation-induced change in amounts of Tnfα across this time period agree well with the findings of Hong et al. \[[@CR46]\] who measured changes in cytokine mRNA in lung tissue from C3H/HeJ and C57Bl/6 mice. Secondly, Ao et al. \[[@CR45]\] measured cytokine levels in the lung and serum of irradiated C3H/HeJ and C57Bl/6 mice, and Il6 was the only cytokine common to our study and theirs. Our findings for this cytokine agree with theirs for three of four time points, with the exception that we did not detect an increase in interleukin-6 at the 6 hours post irradiation in C57Bl/6 mice as they reported. Finally, our data are supported by a report characterising the lymphocyte response of C57Bl/6 mice to whole thorax irradiation wherein radiation-induced changes in cell numbers were evident in the lungs of mice at 6 weeks following therapy, but not at 10 days, which is similar to our 7d data set in these mice \[[@CR26]\].

Of the potential immune and inflammatory biomarkers profiled, our analyses revealed serum Il17 levels in untreated mice and Th1 cell numbers at 7 days post exposure to best correlate with the onset of radiation induced respiratory distress. Given that each of the six strains evaluated here succumbs to pneumonitis, with or without fibrosis, after high dose whole thorax irradiation we chose survival time differences to reflect pneumonitis. These putative associations, therefore, if experimentally confirmed, suggest that differing adaptive immune biases may exist in mice and affect an early versus late development of pneumonitis after radiation exposure. Supporting this are findings from mice, where a thymectomy was found to decrease the incidence of radiation pneumonitis \[[@CR48],[@CR49]\], and radiation-induced changes in regulatory T cell numbers to potentially influence the lung inflammatory response \[[@CR26]\].

In the six inbred strains evaluated here, the extent of pulmonary fibrosis was associated with a specific adaptive immune response both by tissue lymphocyte counts and bronchoalveolar lavage cytokine levels. Specifically, at 7 days post irradiation, a linear combination of Th1 and Th17 cell numbers was revealed to be a significant predictor for the degree of pulmonary fibrosis and, at the same time point, we observed the combination of Il17 and Ifnγ levels in the bronchoalveolar lavage to significantly associate with late stage fibrosis. That these associations were evident at the 7 day timepoint and not earlier, is consistent with the delay required for the activation of the adaptive immune response. Further, at the 7 day time point, we measured the highest numbers of infiltrating Th17 cells in the lungs of KK/HIJ mice and this response supported the correlation of lymphocytes with fibrosis identified. Among the fibrosis-prone strains, KK/HIJ mice are the first to succumb to lung disease (at 8 weeks post irradiation, compared to C57BL/6J and 129/SvImJ mice which succumb at 23 and 26 weeks respectively) and thus the Th17 subset cell count evident at day 7 may be both correlated to fibrosis and related to an accelerated development of fibrosis in this strain.

Il17 and Ifnγ have been reported to exert opposing effects on the development of pulmonary fibrosis \[[@CR50]-[@CR53]\] and a predictive model based on their interaction supports the paradigm that fibrotic lung disease is the result of the synergy between various immune cell types and their cytokine repertoires \[[@CR54]\]. The finding of fibrosis score as negatively correlated with the Il17 and Ifnγ cytokine levels, but positively correlated with Th17 and Th1 cells may be related to the observation that bronchoalveolar lavage and interstitial cells have different roles in radiation-induced lung injury \[[@CR55]\], or may indicate the occurrence of a negative feedback loop influencing these pulmonary responses.

Further to interferonγ and interleukin-17, there was more interleukin 1β and interleukin 10 in the lavage of mice which would later succumb to pneumonitis alone compared to those succumbing to pneumonitis with fibrosis. That higher levels interleukin 1β would be associated with decreased fibrosis, appears in contradiction with the literature which demonstrates this cytokine to promote pulmonary fibrosis \[[@CR53]\] and to mediate radiation-induced skin fibrosis \[[@CR56]\]. Similarly, interleukin 10 is considered anti-inflammatory \[[@CR57]\] thus higher levels of this cytokine in strains developing the inflammatory response of pneumonitis would be unexpected. These correlations may thus suggest that the same cytokine could have opposing roles in the early versus the late stages of radiation-induced lung disease. Along this line, the wave-like pattern of the molecular responses in irradiated tissues \[[@CR37],[@CR58]\] raises the question of whether the early phase of cytokines is merely the indicator of the inflammatory process or is causally linked with the late stages of disease.

The severity of pulmonary fibrosis was also associated with levels of a particular cytokine in the serum and, as with the bronchoalveolar lavage, the correlation may be to the disease but not necessarily to the disease process. In detail, increases in serum interleukin 10, measured at the 6 hour time point, were correlated with greater fibrosis score in mice. As we also determined interleukin 10 in the lavage to be associated with reduced fibrosis the serum and lavage do not appear to be reflecting the same process. This finding is in contrast to those of Ao et al. \[[@CR45]\], who reported a correlation between serum and lavage cytokine concentrations in lungs of irradiated C57BL/6J and C3H/HeJ mice. This correlation was not evident in the panel of six strains evaluated in the present work.

Our approach is strengthened by the use of six inbred strains with diverse phenotypes in terms of lung disease \[[@CR22]\], and offers a more robust evaluation of biomarkers, compared to studies using two inbred strains \[[@CR30],[@CR37],[@CR45]-[@CR47]\], although it also includes specific limitations with regard to potential clinical extrapolation. The lung phenotypes studied here are in response to 18 Gy irradiation, a dose which was chosen to elicit respiratory distress in the vast majority of mice within 6 months, for the purpose of characterizing the pneumonitis or pneumonitis with fibrosis response of each strain. This dose, although useful in producing clinically relevant lung phenotypes in mice, is not often used clinically, apart from stereotactic radiotherapy, thus the correlations revealed here are valid within the model system and useful for directing clinical investigation. Secondly, the anaesthesia given to the irradiated mice may have been immunomodulatory and thus could affect the phenotypes reported here. The strengths of the model system include the ability to control the environment, which is especially relevant for lung disease responses, to eliminate confounding patient and cancer treatment related factors, and to permit evaluation of biological replicates. The identification of predictive markers for murine lung disease therefore represents a starting point for subsequent human studies.

Conclusions {#Sec16}
===========

By evaluating the responses of 6 inbred mouse strains which provided genetic background diversity in a controlled environmental setting, we identified correlations of lower Il17 and Ifnγ values in lavage as well as increased numbers of infiltrating Th1 and Th17 cells with fibrosis severity. Additional associations were found between particular lavage and serum cytokines with fibrosis severity and survival time, but no evidence was found to support that numbers of lavage macrophages, lymphocytes or neutrophils are relevant early response markers in determining the course of late-stage lung disease.

Additional files {#Sec17}
================

Additional file 1: Figure S1.Gating strategy to identify pulmonary T helper cell populations. Mice were exposed to 18 Gy of thorax irradiation and euthanized at 6 hours, 1 day and 7 days post treatment. Lung tissue was dispersed and stained with antibodies against CD4, Ifnγ, Il13 and Il17. Lymphocytes were gated on the FSC/SSC plot and numbers of Th1/2/17 cells were determined among the CD4+ lymphocytes.Additional file 2: Figure S2.Effect of whole thorax irradiation on pulmonary T helper cell populations. Data of Figure [1](#Fig1){ref-type="fig"} grouped by the fibrosis susceptible (KK/HIJ, C57BL/6J, 129S1/SvImJ) and fibrosis resistant (C3H/HeJ, A/J and AKR/J) strains. Significant variation in measures over time indicated by ANOVA.Additional file 3: Figure S3.Correlation of late lung disease phenotypes with acute response pulmonary T helper cell populations. Mice were exposed to 18 Gy of thorax irradiation, euthanized at 6 hours, 1 day and 7 days post treatment and T helper cells were ennumerated through flow cytometry of total lung tissue. Pearson correlation tests were performed between the lung T helper cell populations and late stage fibrosis score and post irradiation survival time (R = 0.75, p = 0.08 for survival time with CD4 + Ifnγ + cells at 7 days, and R = −0.71, p = 0.1 for late stage fibrosis score and CD4 + Il13+ cells recorded at 6 hours).Additional file 4: Figure S4.Post irradiation bronchoalveolar lavage cell counts and correlation to late stage fibrosis. Following exposure to 18 Gy of thorax irradiation, bronchoalveolar lavage was collected from irradiated mice at 6 hours, 1 day and 7 days time points. A) Total cell counts per millilitre of lavage fluid. Results are presented as mean ± SE for groups of n = 4--5 mice. Significant variation in inbred strain measures by ANOVA indicated; B) Pearson correlation of total cell numbers in lavage with fibrosis score in the 6 inbred strains of mice (R = 0.77, p = 0.07).Additional file 5: Figure S5.Effect of whole thorax irradiation on bronchoalveolar lavage cell differentials. Data of Figure [2](#Fig2){ref-type="fig"} grouped by the fibrosis susceptible (KK/HIJ, C57BL/6J, 129S1/SvImJ) and fibrosis resistant (C3H/HeJ, A/J and AKR/J) strains. Significant variation in measures over time indicated by ANOVA.Additional file 6: Figure S6.Effect of whole thorax irradiation on cytokine levels in bronchoalveolar lavage. Data of Figure [3](#Fig3){ref-type="fig"} grouped by the fibrosis susceptible (KK/HIJ, C57BL/6J, 129S1/SvImJ) and fibrosis resistant (C3H/HeJ, A/J and AKR/J) strains. Significant variation in measures over time indicated by ANOVA.Additional file 7: Figure S7.Effect of whole thorax irradiation on serum cytokine levels. Data of Figure [4](#Fig4){ref-type="fig"} grouped by the fibrosis susceptible (KK/HIJ, C57BL/6J, 129S1/SvImJ) and fibrosis resistant (C3H/HeJ, A/J and AKR/J) strains. Significant variation in measures over time indicated by ANOVA.
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